Atelectasis occurs in the majority of children undergoing general anaesthesia. Lung ultrasound has shown reliable sensitivity and specificity for diagnosing anaesthesia-induced atelectasis. We assessed the effects of a recruitment manoeuvre on atelectasis using lung ultrasound in infants undergoing general anaesthesia. Forty infants, randomly allocated to either a recruitment manoeuvre group or a control group, received volume-controlled ventilation with 5 cmH 2 O positive end-expiratory pressure. Lung ultrasound examination was performed twice in each patient, the first a minute after starting mechanical ventilation of the lungs and the second at the end of surgery. Patients in the recruitment manoeuvre group received ultrasound-guided recruitment manoeuvres after each lung ultrasound examination. The incidence of significant anaesthesia-induced atelectasis at the second lung ultrasound examination was less in the recruitment manoeuvre group compared with the control group (25% vs. 80%; p = 0. 10.8-20.5 [7.0-28.0]); p < 0.001, respectively. The lung ultrasound scores for consolidation on the first and second examinations showed a negative correlation with age (r = À0.340, p = 0.008; r = À0.380, p = 0.003). We conclude that ultrasound-guided recruitment manoeuvres with positive end-expiratory pressure proved useful in reducing the incidence of anaesthesia-induced atelectasis in infants, although 5 cmH 2 O positive end-expiratory pressure alone was not sufficient to eliminate it. In addition, the younger the patient, the more susceptible they were to atelectasis.
Introduction
Atelectasis occurs in the majority of patients undergoing general anaesthesia [1, 2] , with an incidence of between 68% and 100% in children [3] [4] [5] . Respiratory complications, including atelectasis, are the most common cause of adverse events in paediatric anaesthesia [6] . Younger children, infants in particular, are vulnerable to hypoxaemia due to their smaller functional residual capacity and increased metabolic requirements compared with adults [7] . Atelectasis in infants may lead to peri-operative respiratory complications and affect outcome [8] . In order to prevent atelectasis, applying positive end-expiratory pressure (PEEP) or an alveolar recruitment manoeuvre have shown beneficial effects [8] [9] [10] . However, data on when, for how long, how often and exactly how to apply these strategies in infants are limited.
Among methods for detecting atelectasis, lung ultrasound is a fast, simple, non-invasive and radiation-free technique which has gained increasing popularity, especially in emergency and critical care settings [11, 12] . Furthermore, lung ultrasound has shown reliable sensitivity and specificity for the diagnosis of anaesthesia-induced atelectasis in children [13] . The purpose of this study was to assess the degree of anaesthesia-induced atelectasis and the effects of a recruitment manoeuvre in preventing respiratory complications in infants.
Methods
Following approval from the local research ethics committee, written informed consent was obtained from a parent or legal guardian of each patient. Children less than 1 year of age, of ASA physical status 1 or 2, scheduled for elective minor surgery under general anaesthesia requiring tracheal intubation were included in the study. Patients having thoracic surgery, those with pre-existing lung disease, abnormal pre-operative chest radiographs or those having laparoscopic surgery were not studied. Patients were randomly allocated to either a recruitment manoeuvre group or a control group using computer-generated randomisation (www.randomization.com) software. Group allocation was concealed in sequentially numbered, opaque, sealed envelopes which were opened by trained study personnel after induction of general anaesthesia. Each envelope contained the group allocation with instructions for the attending anaesthetist. An intravenous cannula was sited before bringing the patient to the operating room. All patients underwent a standardised general anaesthetic protocol that included pre-oxygenation, induction with 0.02 mg.kg À1 atropine and 2 mg.kg À1 propofol, neuromuscular blockade with 0.6 mg.kg À1 rocuronium, tracheal intubation with an uncuffed tracheal tube of appropriate size, and maintenance with desflurane or sevoflurane and an oxygen/ air mixture. Following tracheal intubation, mechanical ventilation of the lungs was commenced in a volumecontrolled mode set to deliver a tidal volume of 8 ml.kg
À1
, PEEP of 5 cmH 2 O and 0.4 inspired oxygen fraction. The ventilator was set to deliver 20-40 breaths.min À1 depending on the patient's age [14] , and was adjusted to maintain an end-tidal carbon dioxide concentration to 4.6-5.9 kPa, with an inpiratory:expiratory ratio of 1:2. Lung ultrasound examination was performed twice in each patient; the first was performed 1 min after starting mechanical ventilation of the lungs and again at the end of the surgery. All ultrasound scans were performed by the same anaesthetist, who had experience of more than 30 lung ultrasound scans in paediatric patients, using a Logiq â e machine (GE Healthcare, Wauwatosa, WI, USA) with a 4-10-MHz linear transducer. Patients were scanned in the supine position following the lung ultrasound examination method described by Acosta et al. [13] . Each hemithorax was divided into six regions using three longitudinal lines (parasternal, anterior and posterior axillary) and two axial lines (one above the diaphragm and the other 1 cm above the nipples). The 12 lung regions were scanned sequentially from right to left, cranial to caudal and anterior to posterior. Each region was assessed using a two-dimensional view with the probe placed parallel to the ribs and assessing for the following signs: juxtapleural consolidation; the lung 'sliding' sign; A-lines; B-lines; and air-bronchograms. The degree of juxtapleural consolidation was divided into four grades and scored between 0 and 3: (0) no consolidation; (1) minimal juxtapleural consolidation; (2) small-sized consolidation; and (3) large-sized consolidation. The degree of B-lines was divided into four grades and scored between 0 and 3: (0) fewer than three isolated B-lines; (1) multiple well-defined B-lines; (2) multiple coalescent B-lines; and (3) white lung. We defined anaesthesia-induced atelectasis to be significant if any region had a consolidation score of ≥ 2. Representative lung ultrasound findings are shown in Fig. 1 . The worst ultrasound abnormality detected was considered as characterising the region examined and video clips of each region were stored. Any additional abnormal findings, such as pleural effusion or pneumothorax, were also recorded. In the recruitment manoeuvre group, the recruitment manoeuvre was performed just after each lung ultrasound examination; under ultrasound guidance, a stepwise increase in airway pressure from 10 cmH 2 O by 5 cmH 2 O increments with a 0.4 inspired oxygen fraction was applied manually until no collapsed lung areas were visible on ultrasound. The maximum airway pressure was limited to 40 cmH 2 O.
Following the first ultrasound examination, surgery proceeded as planned. At the end of surgery, 0.02 mg.kg À1 atropine and 0.05 mg.kg À1 neostigmine were administered to reverse neuromuscular blockade after the second lung ultrasound examination. Extubation was performed when spontaneous breathing was adequate and the patient was fully awake. Patients were observed for an hour in the recovery area and followed up in the ward for 24 hours postoperatively with continuous pulse oximetry.
Juxtapleural consolidation of various sizes and the presence of B-lines are the two most commonly diagnosed lung ultrasound signs of anaesthesia-induced atelectasis [13] , so we scored and added the graded degree of consolidation and B-lines for each region separately. To examine the effects of the first recruitment manoeuvre, differences between the second and first lung ultrasound examinations were calculated.
The primary outcome was the incidence of significant anaesthesia-induced atelectasis on the second lung ultrasound examination. Secondary outcomes included: the incidence of anaesthesia-induced atelectasis on the first lung ultrasound examination; the lung ultrasound score for consolidation and B-lines on the first and second lung ultrasound examinations; and correlation between the lung ultrasound score for consolidation with age and duration of anaesthesia. The incidence of oxygen desaturation (pulse oximetry readings ≤ 95%) and haemodynamic instability during the recruitment manoeuvre were recorded.
Our sample size was calculated from data obtained from previous studies. One study demonstrated that the incidence of atelectasis in children undergoing magnetic resonance imaging under general anaesthesia was 80% after induction, which increased to 94% before emergence [4] . Another study demonstrated that the frequency of atelectasis following an alveolar recruitment manoeuvre was 10%, compared with 100% in children who did not receive a recruitment manoeuvre [5] . Lung ultrasound showed an 88% sensitivity in detecting atelectasis [13] and if we assume the incidence of atelectasis to be 64% and the recruitment manoeuvre would reduce it to 20% then the required sample size would be 20 patients in each group with an alpha error of 0.05, power of 80% and allowing for a dropout rate of 10%. After testing for normality of data, the Mann-Whitney U-test or Student's t-test was used for between-group comparison as appropriate. Wilcoxon-signed rank test or the paired t-test was used for intragroup comparisons, as appropriate. Fisher's exact test was used for categorical variables. Spearman correlation coefficient was determined for correlation analysis. Statistical analysis was performed using IBM â SPSS â Statistics 23 (SPSS Inc., IBM Corporation, Armonk, NY, USA) software and a p value of < 0.05 was considered statistically significant.
Results
Of the 40 patients included in the study, 20 were randomly allocated to the recruitment manoeuvre group and 20 to the control group (Fig. 2) . Baseline characteristics of patients included in the study are shown in Table 1 . The incidence of significant anaesthesia-induced atelectasis on the first lung ultrasound scan was 60% in the recruitment manoeuvre group and 45% in the control group; p = 0.527, odds ratio (OR) 1.83, 95% 0.522-6.434. The incidence of significant anaesthesiainduced atelectasis on the second lung ultrasound examination was 25% in the recruitment manoeuvre group compared with 80% in the control group; p = 0.001, OR 0.083, 95% CI: 0.019-0.370. The incidence of minimal juxtapleural consolidation in any region was 100% in all infants on the first lung ultrasound examination. On the second lung ultrasound examination, minimal juxtapleural consolidation was observed in all infants except one patient in the recruitment manoeuvre group.
The lung ultrasound scores for consolidation and B-lines are summarised in Table 2 . There were no differences between the groups in lung ultrasound scores for consolidation or B-lines on the first lung ultrasound examination. On the second lung ultrasound examination, there was significantly less consolidation in the recruitment manoeuvre group compared with the control group (Table 2) The lung ultrasound scores for consolidation and B-lines were highest in the posterior regions on both lung ultrasound examinations. The lung ultrasound score for consolidation showed a strong positive correlation with B-lines on both lung ultrasound examinations (r = 0.85, p < 0.001; r = À0.92, p < 0.001). At the end of surgery the lung ultrasound scores for consolidation and B-lines decreased significantly in the recruitment manoeuvre group, whereas they increased in the control group. The posterior regions improved the most in the recruitment manoeuvre group, whereas these worsened the most in the control group.
The lung ultrasound score for consolidation on the first and second examinations showed a negative correlation with age, r = À0.34, p = 0.008 and r = À0.38, p = 0.003, respectively. The lung ultrasound score of B-lines on the first and second examinations showed a stronger negative correlation with age, r = À0.48, p < 0.001; r = À0.50, p < 0.001, respectively. Duration of anaesthesia did not correlate with lung ultrasound scores for consolidation or B-lines.
There was no peri-operative oxygen desaturation in any patient and no patients developed haemodynamic instability during the recruitment manoeuvre. 
Discussion
In this prospective randomised, controlled trial we assessed the degree of anaesthesia-induced atelectasis and the effects of a recruitment manoeuvre using lung ultrasound in infants undergoing general anaesthesia. Anaesthesia-induced atelectasis occurred frequently and immediately after induction of general anaesthesia. In addition, the younger the patient, the more susceptible they were to atelectasis. A lung ultrasound-guided recruitment manoeuvre followed by PEEP proved useful in decreasing anaesthesia-induced atelectasis in infants, however, 5 cmH 2 O of PEEP alone was not sufficient to eliminate it. Significant anaesthesia-induced atelectasis was defined as when the lung ultrasound score for consolidation was equal or greater than 2 in any region, because we assumed that the clinical impact of minimal juxtapleural consolidation was insignificant. In fact, minimal juxtapleural consolidation was observed in most of the infants, even those in the recruitment manoeuvre group. Given that all except one infant in the recruitment manoeuvre group had minimal juxtapleural consolidation on the second lung ultrasound examination, the recruitment manoeuvre with 5 cmH 2 O PEEP may be insufficient to prevent minimal juxtapleural consolidation in infants. The recruitment manoeuvre surpasses the lung's opening pressure and PEEP should be high enough to prevent recollapse of the lungs [15] , so we assume that 5 cmH 2 O PEEP was not enough to avoid slight re-collapse of the lungs because we performed the recruitment manoeuvre until no collapsed lung areas were visible. We believe that the clinical significance of this minimal juxtapleural consolidation is worthy of further study.
Significant anaesthesia-induced atelectasis occurred in approximately 50% of patients, regardless of the group (60% in the recruitment manoeuvre group and 45% in the control group) on the first lung ultrasound examination, which was performed 1 min after commencing mechanical ventilation of the lungs. Our results are in agreement with previous studies which demonstrated that general anaesthesia induces atelectasis in children and that this anaesthesia-induced atelectasis develops within the first few minutes of general anaesthesia induction [1, 2, 4, 5] . We have provided the first objective data to show that anaesthesiainduced atelectasis in children develops within 1 min of commencing mechanical ventilation of the lungs. Factors contributing to the development of atelectasis have been described previously [8, 16, 17] and although atelectasis is found in patients of all ages, infants and young children are most vulnerable [18] . We found that age was negatively correlated with postoperative lung ultrasound scores for consolidation and B-lines, indicating a greater probability of atelectasis in neonates compared with older patients. Unique features of neonatal pulmonary physiology, including a highly compliant chest wall and higher closing volume than functional residual capacity, place neonates at greater risk for atelectasis. Therefore, early, active management during mechanical ventilation in neonates is critical and highlights the beneficial effects of the recruitment manoeuvre with PEEP.
Duration of anaesthesia did not correlate with lung ultrasound scores for consolidation or B-lines. This should be interpreted in conjunction with the knowledge that oxygen is one of the main factors governing the amount of atelectasis formation [19] . Several previous studies reported that the fraction of inspired oxygen during pre-oxygenation and induction of anaesthesia, rather than during maintenance of anaesthesia, plays a crucial role in atelectasis formation [20] [21] [22] . Our patients were pre-oxygenated with 100% O 2 , and this could have been the cause of the atelectasis in the first few minutes. We performed the lung ultrasound-guided recruitment manoeuvre with 40% inspired oxygen fraction and applied 5 cmH 2 O PEEP during general anaesthesia. The incidence of atelectasis may be reduced by early application of the recruitment manoeuvre and PEEP after pre-oxygenation and induction of general anaesthesia.
The median scores for consolidation on the first and second ultrasound examinations in both groups were all similar to, or lower than, minimal juxtapleural consolidation, perhaps implying a slightly different pathophysiology compared with other types of consolidation, such as that which occurs in pneumonia. Our findings were consistent with a previous study on anaesthesia-induced atelectasis in children [13] . Unlike lung ultrasound findings in children with pneumonia [23, 24] , there were no large areas of consolidation, air bronchograms or pleural effusions.
Although B-lines represent extravascular lung water [25] , they have also been found to be associated with anaesthesia-induced atelectasis [13] . Martelius et al. reported that B-lines are non-specific in children, although B-lines were more frequently seen in children with no parenchymal changes on computed tomography when imaged under general anaesthesia [26] . They also suggested the possibility of anaesthesia-induced atelectasis, which is in agreement with our results. Conversely, B-lines might be present in healthy infants [27] and whether infants' lungs have more extravascular lung water than adults' lungs, or whether B-lines in infants indicate distinct pathology requires further investigation.
According to recent meta-analyses and systematic reviews, a combination of recruitment manoeuvres and PEEP are beneficial in preventing postoperative lung complications in adults undergoing general anaesthesia [9, 10, 28] . Compared with adults, studies involving recruitment manoeuvres in children have been performed mainly in those with acute lung injury or acute respiratory distress syndrome [29] [30] [31] [32] and data on the influence of recruitment manoeuvres in children undergoing general anaesthesia are relatively limited. Although recruitment manoeuvres improve oxygenation and outcome in children with acute lung injury or acute respiratory distress syndrome [29] [30] [31] [32] , there are no recommendations on how best to perform them. The two most commonly used recruitment manoeuvres are a sustained inflation of the lungs to a specific peak inspiratory pressure, or a stepwise increase in PEEP [29] . Although both methods are equally helpful in adults [10] , the optimal pressure, duration and frequency has yet to be determined in children. Based on recent evidence that recommends a stepwise recruitment manoeuvre [15] , we gradually increased peak airway pressure while continuously visualising the lungs with ultrasound.
Despite the advantages of the recruitment manoeuvre, side-effects have been reported, including hypotension, oxygen desaturation, barotrauma and ventilator-induced lung injury [29, 33] . Nevertheless, reported incidences are very low [29] and we did not experience any complications in our study. When managing critically ill children, clinicians must be careful when applying the recruitment manoeuvre because infants' lungs are more vulnerable than those of adults, and a cautious recruitment manoeuvre guided by lung ultrasound may be a good option.
To maximise the benefits and minimise the drawbacks of the recruitment manoeuvre, adequate monitoring of the recruitment manoeuvre at the bedside is essential. Several methods have been proposed, including measuring end-expiratory lung volume or pulmonary compliance, volumetric capnography, electrical impedance tomography, computerised tomography and lung ultrasound [34] . Using lung ultrasound as real-time guidance during the recruitment manoeuvre has gained popularity recently, owing to its easy applicability and non-invasivenature [35, 36] . There have been two case reports describing successful ultrasoundguided lung recruitment in infants with acute respiratory distress syndrome [37, 38] . Furthermore, Tusman et al. described a case using lung ultrasound for detecting atelectasis and confirming its resolution after lung recruitment in an anaesthetised child [39] . To our knowledge, this is the first randomised controlled trial in infants undergoing general anaesthesia which utilised lung ultrasound to assess the effects of the recruitment manoeuvre.
Our study has some limitations. Firstly, ultrasound cannot detect lung hyperinflation. However we limited peak inspiratory pressure to a level similar to, or lower than, that in previous studies in order not to hyperinflate the lungs. Secondly, the ultrasound examination is operator-and patient-dependent. We ensured that the operator was the same anaesthetist for all patients and had performed more than 30 lung ultrasound scans in paediatric patients. All our patients were infants and the lung ultrasound examinations were relatively easy to perform. Thirdly, we only included healthy infants and the results may be different in children with lung disease or those who are critically ill.
We conclude that a lung ultrasound-guided recruitment manoeuvre accompanied by PEEP significantly reduced the incidence of anaesthesia-induced atelectasis.
